Abbreviations: aa, amino acid(s); Ab, antibody; AMA1, apical membrane antigen 1; GST, Glutathione S transferase; PBS, phosphate-buffered saline; PCR, polymerase chain reaction; RON, rhoptry neck protein. 
Introduction
Malaria is one of the most prevalent and deadly global infectious diseases, more than half of the world's population is at the risk of infection, and over 300 million people develop clinical disease each year of which 2 million are fatal [1] . Clinical malaria results from the replication of protozoan parasites of the genus Plasmodium in the circulating erythrocytes of the host. During the time between release from a rupturing mature schizont-infected erythrocyte and invasion of new erythrocytes, merozoites are transiently exposed in the circulation, and are thus potentially vulnerable to attack by preventive measures based upon immunological or biochemical methods. To design such tools, it is important to understand the molecular composition of the merozoite and the structure-function makeup of the molecular interactions that occur as the merozoite recognizes and gains entry into a host cell.
Like most apicomplexan parasites, the malaria merozoite invades host cells via a multistep process initiated by reversible binding to the erythrocyte surface. Subsequently, a high affinity attachment occurs between the apical end of the merozoite and the host cell, followed by the movement of the junctional adhesion zone (moving junction) around the merozoite toward its posterior pole. Finally the merozoite invaginates into the erythrocyte by forming a nascent parasitophorous vacuole [2] . The moving junction is one of the most distinctive features of apicomplexan invasion and was first observed in Plasmodium species in the late 1970s [3] , but the molecular nature of its structure remains unresolved.
Genomic DNA (gDNA) was isolated from P. falciparum using IsoQuick™ (Orca Research Inc., Bothell, WA). To determine transcription levels throughout the asexual stages, schizonts were purified by differential centrifugation on a 70%/40% Percoll-sorbitol gradient, after which released merozoites were allowed to invade uninfected erythrocytes for 4 hours before the clearance of all remaining schizonts using 5% D-sorbitol. Fractions of the culture were harvested immediately and 24 hours later, and then at 6 hour intervals thereafter. Total RNA was isolated from parasite-infected erythrocytes stored at -20°C in RNAlater™ (Qiagen, Valencia, CA), using the RNeasy Mini Kit (Qiagen). Following DNase treatment, complementary DNA (cDNA) was generated with random hexamers using an Omniscript Reverse Transcription Kit (Qiagen).
Polymerase chain reaction (PCR) amplification and sequencing
A TBLASTN search was performed against the P. falciparum genome database (3D7 parasite line) via PlasmoDB website (http://www.plasmodb.org/) [13] using the TgRON2 amino acid sequence as a query. To evaluate the polymorphism of PfRON2, five pairs of overlapping primers were used for PCR amplification from HB3, FVO, Dd2, D10, and 7G8 parasite lines, and sequences were determined by direct sequencing of the PCR-amplified DNA fragments using an ABI PRISM ® 3100-Avant Genetic Analyzer (Applied Biosystems, Foster City, CA). Oligonucleotides used were as follows: fRON2.F2
(5'-GATTCCAATAATTATAATTCTGATAATG-3') and fRON2.R2
(5'-CGTAAAATATTCATTATATGAAAGATATGC-3'), fRON2.F3
(5'-GCATTAGGAGAACTTGTTGAACCA-3') and fRON2.R3
(5'-CATAATATCTAAATAGGTTTTTGCTGAC-3'), fRON2.F4
(5'-GGATTAGTATTTTTATATGCAATGATTG-3') and fRON2.R4
(5'-GTTATTTTCTAATAAATGTTTACTATCTTC-3'), fRON2.F5
(5'-GATAAATGGGATCAATTTATAAATAAGG-3') and fRON2.R5
(5'-GCTAGCTACTGGTCCTGCACCT-3'), and fRON2.F6
(5'-ATGCAATTACCTTACTTAAGTCAAATG-3') and fRON2.R6
(5'-ATATAAAATGAAAATAACAGAAAAGGTTATG-3')
Quantification of pfron2 transcripts
Transcription of ron2 was evaluated in the HB3 parasite line by real-time reverse transcription (RT)-PCR using a QuantiTect SYBR Green PCR Kit (Qiagen) and a
LightCycler System (Roche, Basel, Switzerland). As a control, transcription of ama1 and rhoph2 was also evaluated. Oligonucleotides used were as follows: fRON2.qF (5'-CAGAACTAAGCAAACATGTAAAACATG-3') and fRON2.qR (5'-GTATAACGCCTTGCTCATTTCCTG-3') for pfron2 (product size is 133 bp); fAMA1.qF (5'-GGAAGAGGACAGAATTATTGGGAAC-3') and fAMA1.qR (5'-CCTGAATCTTCTTGTTGGTATGTATG-3') for pfama1 (product size is 137 bp); fRhopH2.qF (5'-GTAACAACACTTACTAAGGCAGACT-3') and fRhopH2.qR (5'-GTACAAAGCTACAATATTGTTAGATCT-3') for pfrhoph2 (product size is 210 bp).
The same oligonucleotides were used to PCR-amplify DNA fragments to be ligated into the pGEM-T Easy ® plasmid (Promega, Madison, WI) which was used to make a standard curve to evaluate the copy number of each transcript.
Antibodies
Cao et al. -7 - A DNA fragment encoding amino acid positions (aa) 21 -98 of PfRON2 was PCR-amplified from P. falciparum 3D7 gDNA and ligated into pEU-E01GST-N2, an expression plasmid with N-terminal glutathione S transferase (GST)-tag followed by a PreScission Protease cleavage site, designed specifically for the wheat germ cell-free protein expression system (CellFree Sciences Co., Ltd., Matsuyama, Japan) [14] , to produce recombinant GST-fused fRON2N protein (GST-fRON2N). Oligonucleotides used in the PCR amplification were fRON2.SalF1
(5'-GTCGACTCAGAACTAAGCAAACATGTAAAACATG-3') and fRON2.SalR1 Rabbit anti-Clag3.1 serum was as previously described [16] .
SDS-PAGE and Western blot analysis
The recombinant protein, GST-fRON2N, was digested with a PreScission Protease at 4°C overnight before analysis. Triton X-100 extracts of P. falciparum or recombinant proteins were dissolved in SDS-PAGE loading buffer, incubated at 100°C for 3 min, and subjected to electrophoresis under reducing conditions on a 5-20% polyacrylamide gel (ATTO, Japan).
Proteins were then transferred to a 0.22 μm PVDF membrane (BioRad, Hercules, CA). The proteins were immunostained with antisera followed by horseradish peroxidase-conjugated secondary Ab (Biosource Int., Camarillo, CA) and visualized with Immobilon™ Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA) on RX-U film (Fuji, Japan).
The relative molecular sizes of the parasite-encoded proteins were calculated by reference to molecular size standards (BioRad).
Immunoprecipitation
Immunoprecipitation was carried out as previously described [17] . Briefly, proteins were extracted from late schizont parasite pellets by 1% Triton X-100 treatment in 
Indirect immunofluorescence assay
Thin smears of schizont-enriched P. falciparum-infected erythrocytes (Dd2 parasite line)
were prepared on glass slides and stored at -80ºC. The smears were thawed, formaldehyde-fixed, and preincubated with PBS containing 5% non-fat milk at 37ºC for 30 min. They were then incubated with antisera at 37ºC for 1 hour, followed by fluorescein 
Immunoelectron microscopy
Parasites were fixed for 15 min on ice in a mixture of 1% paraformaldehyde-0.1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). Fixed specimens were washed, dehydrated, and embedded in LR White resin (Polysciences, Inc., Warrington, PA) as previously described [18, 19] . Thin sections were blocked at 37°C for 30 min in PBS containing 5% non-fat milk and 0.01% Tween 20 (PBS-MT). Grids were then incubated at 4°C overnight with mouse anti-PfRON2 or control sera in PBS-MT. After washing with PBS containing 10% BlockAce (Yukijirushi, Sapporo, Japan) and 0.01% Tween 20 (PBS-BT), the grids were incubated at 37°C for 1 hour with goat anti-mouse IgG conjugated to 10 nm gold particles (Amersham Life Science, Arlington, IL) diluted 1:20 in PBS-MT, rinsed with PBS-BT, and fixed on ice for 10 min in 2.5% glutaraldehyde to stabilize the gold. Then the grids were rinsed with distilled water, dried, and stained with uranyl acetate and lead citrate.
Samples were examined with a transmission electron microscope (JEM-1230; JEOL Ltd., Tokyo, Japan).
Primary structure analysis of the protein
Signal peptide sequence was evaluated by SignalP3.0 [20] . Transmembrane region was evaluated by TMpred [21] and TMHMM2.0 [22] . Low complexity region was evaluated by Globplot 2.3 [23] . Amino acid sequence alignment was generated by MUSCLE [24] .
Statistical analysis
Number of nonsynonymous substitutions over numbers of nonsynonymous sites (d N ), number of synonymous substitutions over numbers of synonymous sites (d S ), and their standard errors were computed using the Nei-Gojobori method with Jukes-Cantor correction implemented in MEGA 4.0.1 [25] . Standard errors were estimated using the bootstrap method with 500 replications. The statistical difference between d N and d S was tested using a one-tail Z-test with 500 bootstrap pseudosamples.
Results

RON2 orthologs of apicomplexan parasites
Cao et al. -11 - Using TgRON2 as a query in BLAST analyses [26] , and similar analyses using the predicted orthologs thus identified, we found RON2 orthologs in P. falciparum (PfRON2; Table S1 ).
3.2.PfRON2 protein structure and similarity to RhopH1/Clag proteins
The full-length PfRON2 protein consists of 2189 residues with a putative signal peptide sequence at its N-terminus from amino acid positions (aa) 1 to 20. An interspecies variable region (aa 55 -878), exhibiting low complexity and many repeats [23] , was identified by comparing 6 Plasmodium RON2 amino acid sequences ( Fig. 1 and Fig. S2 ). A BLASTP search using the conserved region of PfRON2 (aa 879 -2189) as a query identified P. vivax conserved Cys residues (Fig. 2) . Three transmembrane regions were predicted by TMpred, however TMHMM2.0 predicted only a single transmembrane region for all Plasmodium RON2 orthologs assessed.. Interestingly, TMpred predicted a putative transmembrane region in the region conserved between RhopH1/Clag and RON2 (Fig. 2) . Because RhopH1/Clag is a component of a soluble protein complex, we considered that these predicted transmembrane regions in RhopH1/Clag and RON2 constitute a likely hydrophobic region buried within a globular domain. Another predicted transmembrane region at aa 1114 -1133 in PfRON2 is also possibly hydrophobic region buried within a globular domain. TMpred considers the observation that there is an overrepresentation of positively charged amino acid residues in the cytoplasmic loops of the transmembrane protein [21] , which is a likely explanation for this discrepancy.
PfRON2 transcription peaks at the schizont stage
To determine the transcription pattern in the asexual stages of the parasite life-cycle, quantitative RT-PCR was performed on the HB3 parasite line prepared from a synchronized culture harvested at 6 hour intervals. Both RON2 and AMA1 transcriptions were seen to peak around 36 -40 hours after invasion, when parasites were in the schizont stage. AMA1
showed a broader and flatter transcription peak than RON2 (Fig. 3) . Transcriptome data compiled in the PlasmoDB website [13, 29] also indicated a milder wave crest of AMA1 transcripts compared with RON2.
Complex formation of PfRON2, PfRON4, and PfAMA1
Mouse and rabbit anti-PfRON2 sera were generated using recombinant GST-fRON2N.
Firstly, we evaluated the reactivity of anti-PfRON2 sera by Western blot using recombinant proteins. Both antisera recognized the fRON2N component of the recombinant protein after cleavage (Fig. S3, filled arrows) . Cleaved 26.4-kDa GST component (Fig. S3, arrowheads) and 46-kDa GST-fused PreScission protease (Fig. S3 , unfilled arrow) were also recognized by these Abs.
Secondly, we evaluated the reactivity of these sera against native RON2 proteins extracted from schizont stage P. falciparum (HB3 line) by Western blot analysis. Both antisera reacted with a band slightly larger than 250 kDa (Fig. 4A, arrows) , which is similar to the predicted molecular weight of PfRON2 after exclusion of the putative signal peptide sequence (247 kDa). An 80-kDa band was detected by both mouse and rabbit antisera in HB3 extract, for which the exact identity is not known, but a possible processed product of PfRON2. A 55-kDa band detected with rabbit antiserum was also detected with preimmune serum, suggesting that this band was unrelated to PfRON2. A 35-kDa band was detected with mouse antiserum but not with rabbit antiserum, suggesting that it is also unrelated to RON2.
To evaluate the interaction between PfRON2, PfRON4, and PfAMA1, we performed immunoblotting against immunoprecipitated materials from mature schizont-rich parasite extracts (Fig. 5) . We found that RON2 was detected in the precipitated fraction using anti-PfAMA1 or anti-PfRON4. In the reciprocal experiment, PfAMA1 and PfRON4 were also detected in the precipitated fraction of anti-PfRON2 serum. Although it is theoretically possible that such immunoprecipitated fractions contained the PfRON2-PfRON4, PfRON2-PfAMA1, and PfRON4-PfAMA1 dimeric complexes as appropriate to the primary antibody, considering that these 3 proteins are distinct molecules that do not possess any similarity each other, this specific co-immunoprecipitation suggests complex formation among PfRON2, PfRON4, and PfAMA1 in P. falciparum. The fact that both the 83-kDa proform and the 66-kDa processed form were co-precipitated with PfRON2 indicated that a region responsible for complex formation was located in the 66-kDa form of AMA1 [30] . Neither of these was detected in the anti-RhopH2 immunoprecipitate, thereby excluding not only the possibility of PfRON2 involvement in the RhopH complex, but also potential carryover due to insufficient or inadequate washing steps.
RON2 is expressed at the rhoptry neck of Plasmodium merozoites
Dual labeling indirect immunofluorescent assay was performed using anti-PfRON2 with either anti-PfAMA1 (microneme marker), anti-Clag3.1 (rhoptry body marker), or anti-PfRON4 (rhoptry neck marker) antibodies in order to determine the sub-cellular location of PfRON2 in P. falciparum (Fig. 6) . In segmented schizonts, RON2 antisera produced a punctate pattern of fluorescence and each developing merozoite showed a single small punctate PfRON2-positive signal located at the apical end. Although some parts of the PfRON2 signal overlapped with microneme protein AMA1 and rhoptry body protein Clag3.1, it did not colocalize well with those markers, whereas complete colocalization was observed with the rhoptry neck marker PfRON4.
Immunoelectron microscopy was carried out to determine the precise localization of the protein. PfRON2 was detected in the neck portion of the pear-shaped rhoptries in segmented schizonts (Fig. 7) . Thus PfRON2 is seen to compartmentalize in the rhoptry neck.
Potential positive diversifying selection on PfRON2
To evaluate the polymorphic nature of PfRON2, we sequenced the pfron2 nucleotide sequence (2459 -6570), excluding the 5' low complexity region, in 5 P. falciparum parasite lines and compared them with the sequence from the genome database (3D7 line). A total of 5 nonsynonymous nucleotide substitutions were observed at nucleotide positions 2615, 2710, 2914, 4391 and 4392, resulting 4 amino acid substitutions (Table 1 ). An excess of nonsynonymous substitutions (d N = 0.0007 ± 0.0003) over synonymous substitutions (d S = 0.0002 ± 0.0002) was detected (P = 0.0333), indicating PfRON2 is subject to positive diversifying selection.
Discussion
In this study, we characterized P. falciparum RON2 for its protein structure, transcription profiles, intracellular localization, and complex formation with PfRON4 and PfAMA1.
PfRON2 possesses a region harboring homology with another rhoptry protein RhopH1/Clag, a component of the RhopH complex that possesses erythrocyte binding ability [16, 31, 32] . Co-immunoprecipitation showed that PfRON2 does not form a complex with RhopH2, suggesting that PfRON2 is unlikely to be a component of the RhopH complex. anti-PfAMA1 Ab [7] .
The association between the 83-kDa proform of PfAMA1 with RON proteins raises the possibility that the processing of PfAMA1 from the 83-kDa form to 66-kDa form occurs not only in the microneme, as previously proposed [33] , but also on the apical tip of the merozoite after release from the microneme in mature schizonts. If this is the case, it is not clear whether this AMA1 processing occurs after complex formation with RON proteins or is mainly achieved prior to this. However, it is formally possible that disruption of the different intracellular microorganelles during the experimental procedure resulted an artificial complex formation of PfAMA1 proform, for which further studies are required.
Due to the fact that P. falciparum AMA1 exhibits relatively high polymorphism between lines, which is considered to be generated by positive diversifying selection under the human immune pressure, we evaluated the polymorphic nature of PfRON2. Although the level of polymorphism of RON2 is not high, the fact that d N > d S suggests that positive diversifying selection does indeed act on RON2. Three types of amino acid substitutions found at aa 1464 (Asp, Glu, and Gly) suggests that this particular site is under diversifying selection and is possibly to be exposed to host immunity. Thus, PfRON2 not only appears to have an important role in host cell invasion by apicomplexan parasites, but also is a potential target for malaria intervention strategies. was observed but neither colocalized with PfClag3.1 (rhoptry body marker) nor PfAMA1
(microneme marker). To eliminate the background staining, negative control sera were always used and images were assessed (data not shown). Longitudinally sectioned merozoites in schizont-infected erythrocytes were labeled with anti-PfRON2 serum followed by secondary Ab conjugated with gold particles. Gold particles
